Abstract. Diffusion coefficient of chloride in concrete is a predominant factor in chloride penetration into concrete. Two types of diffusion coefficient models are examined here: mean diffusion coefficient D, timedependent diffusion coefficient D(t). These diffusion coefficients are experimentally derived from the chloride profiles in concrete obtained by the wind tunnel test. It is clearly shown that diffusion coefficients are dependent of water cement ratio but independent of intensity of airborne salt. Time-dependent diffusion coefficients derived based on constant and time-dependent surface chloride are not different. Diffusion coefficient also decreases with increasing of time as explained by other researcher.
Introduction
Chloride ingress in concrete is usually expressed by Fick's diffusion equation to practically estimate service-life of concrete structures. In the Standard Specification for Concrete Structures by Japan Society of Civil Engineers, the state in which chloride content at the reinforcing bar portion in concrete reaches the designated threshold value is defined as one of the limit states of structural durability [1] . In the JSCE method, surface chloride content is used as boundary condition for diffusion of chloride in concrete. It is empirically determined based on distance from the shore line. Diffusion coefficient is estimated from concrete properties by means of concrete water-cement ratio and type of cement.
Surface chloride and diffusion coefficient have been investigated in many previous studies. The resistance of concrete to chloride penetration was investigated by the rapid chloride permeability test [2] . The chloride penetration in unsaturated concrete skin was different from that in concrete bulk [3] . Chloride ion diffusion coefficient decreases in long-term chloride exposure [4] .
Diffusion coefficient of chloride in concrete is a predominant factor in chloride penetration into concrete. Two types of diffusion coefficient models experimentally derived from the chloride profiles in concrete obtained by the wind tunnel test were examined here: mean diffusion coefficient D, and time-dependent diffusion coefficient D(t) [5, 6] .
In this paper, relationship between intensity of airborne salt and surface chloride content was investigated based on the test results obtained by the developed testing equipment. On the other hand, diffusion coefficients derived from the obtained chloride profile in all specimens are also discussed.
It is well-known that experimentally obtained diffusion coefficient of chlorides in concrete decreases with increasing of exposure time. One of the practical ways to express this tendency in computational model is to regard diffusion coefficient as a function of time, as adopted in many previous studies. If the reason of decreasing of diffusion coefficient is change of pore structure of concrete, time-dependent diffusion coefficient is reasonable.
However, if the true reason for this is that transport of chloride in concrete is not simple diffusion mechanism, then time-dependent diffusion coefficient is not universal way to express the experimental results.
Research method
In previous paper, chloride ingress into concrete subjected to airborne salt was developed by wind tunnel test [5] [6] [7] . The inside views of that apparatus shown in Fig. 1 has size 1mx1m. The wind path has a length of 12 m in one round. Propeller that generates air flow with diameter of 90 cm was set up in the first floor as shown in Fig. 1(a) , as well as driven by an electric motor installed outside of the device. Particles of salt water were produced by putting fine air bubbles into 3% salt water in a bath ( Fig. 1(b) ). Six concrete specimens whose size is 100 x 100 x 150 m, were prepared with water-cement ratio of 40% and 60%, and cured in water for 28-days. After curing, five surfaces of each specimen were coated with tar epoxy except the exposed surface to ensure one-dimensional chloride ingress into concrete from the exposed surface. Both concrete specimens and gauze specimens were set up and exposed to the airborne salt in the first and the second floor in the wind tunnel as shown respectively in Fig. 1 (c) and 1(d). The wind velocity in the tunnel was 1.5 m/s. The measured airborne salt per unit area per unit time, which was expressed in terms of amount of Natrium Chloride was 5 to 68.2 mdd (mg/dm 2 /day) depending on the testing position in the wind tunnel. Specimens were taken out from the wind tunnel occasionally and chloride content in concrete was measured. From the beginning up to 96 days, samples of concrete powder were taken at the positions of 10 mm, 20 mm, and 40 mm from the exposed surface by drilling from both side surface to the maximum depth of drilled hole. After 96 days, samples were also obtained at the point of 60 and 80 mm from the exposed surface to measure chloride content in deeper portion. Value of chloride content in concrete is 
Determination of experimental diffusion coefficient
The result of experimental time-dependent chloride profiles in specimen H-40 obtained by wind tunnel test during 240 days is shown as example in Fig. 2 . 
where, erf(s) is an error function defined as: 
where; a, b : parameters for time-dependent surface chloride content determined by least square method. iii) Then, mean surface chloride during the exposure period is mathematically calculated by averaging C 0 (t j ) with respect to time by Equation. (7).
where, T : length of time of exposure (day) C 0 (t j ) : experimental time-dependent surface chloride content iv) Series of diffusion coefficient D i,j obtained from the experimental chloride content at each position at the exposure time t j is averaged with respect to position. 
Result and discussion
Time-dependent diffusion coefficients of specimens H-40 as example derived from data of 0-240 day under mean and time-dependent surface chloride is shown in Fig. 3 and summarized in Table 1 . Two diffusion coefficients both decrease with increasing of time and approach to a same value in long time. Diffusion coefficient based on mean surface chloride D 1 (t) and time-dependent surface chloride D 2 (t) are close to each other except in early stage of exposure.
Diffusion coefficients based on mean and time-dependent surface chloride in the series of 60% of W/C are relatively greater than those in the series of 40% of W/C. It seems that diffusion coefficients are independent from intensity of airborne salt. Considering these facts, diffusion coefficient can be regarded as material properties independent of environmental condition. Same as many previous studies, experimentally obtained apparent diffusion coefficient of chlorides in concrete in the present study decreases with increasing of exposure time. There are two possible reasons for this. The first is the change of pore structure of concrete during exposure due to cement hydration. The other is that transport phenomena of chloride in concrete cannot be expressed by ideal diffusion equation in reality. If the first reason is dominant, then using time-dependent diffusion coefficient is reasonable. On the other hand, if the second reason is true, using time-dependent diffusion coefficient is not universal way to express the phenomenon because pore structure of concrete does not change. Thus, the relationship between diffusion coefficient and time is affected by environmental condition.
In Fig. 4 , time-dependent diffusion coefficients of specimens with high water-cement ratio are relatively higher than those with low water-cement ratio. Diffusion coefficients derived under time-dependent surface chloride are greater than those derived under constant surface chloride in early stage of exposure. However, they almost become same value in long time of exposure. Furthermore, mean diffusion coefficient is derived from data of 0-240 day under either mean or time-dependent surface chloride. The results of mean diffusion coefficient are also summarized in Table 1 . Relationship between W/C and diffusion coefficient D 1 , which is averaged D 1 (t), is shown in Fig. 5 . The influence of intensity of airborne salt on diffusion coefficient is not apparent. 
Conclusion
Two types of diffusion coefficient, which are mean diffusion coefficient D, time-dependent diffusion coefficient D(t), were derived from the exposure test result by the wind tunnel. The results are concluded as following. i) It was confirmed that time-dependent diffusion coefficient obtained by the wind tunnel test decreases with increasing of time and approaches to a certain value in long time. ii) There was no significant difference between time-dependent diffusion coefficient derived based on constant surface chloride and that based on time-dependent surface chloride. iii) It was found that the derived two types of diffusion coefficient are all dependent of water-cement ratio of concrete but not affected by the intensity of airborne salt that the concrete is exposed.
